ABSTRACT: Structural studies of amyloidogenic segments by X-8 ray crystallography have revealed a novel packing motif, consisting 9 of out-of-register β sheets, which may constitute one of the toxic 10 species in aggregation related diseases. Here we sought to determine 11 the presence of such a motif in islet amyloid polypeptide (IAPP), 12 whose amyloidogenic properties are associated with type 2 diabetes. Recently, structural studies have revealed a novel packing 42 motif, the antiparallel out-of-register β sheet, that may be 43 associated with cytotoxicity in vitro. In one study, the crystal 44 structure of an 11-residue segment from the amyloid protein 45 αB Crystallin (ABC) was deciphered. 9 The structure, termed 46 cylindrin, is a six-stranded β barrel made up of out-of-register 47 antiparallel β strands. Cylindrin displayed a novel arrangement 48 of β strands different from the steric zippers seen in amyloid 49 fibrils. In most steric zippers, the strands in each β sheet are 50 stacked directly above one another, an arrangement termed in- 
■ INTRODUCTION
21 Protein aggregation and its associated cytotoxicity are 22 implicated in a wide range of diseases that affect the nervous 23 system as well as other organs; recently protein aggregates have 24 also been associated with certain forms of cancer.
1−4 Altogether 25 these conditions account for the majority of diseases with few 26 to no treatment options. One step toward understanding the 27 disease etiology is to identify the molecular structures of the 28 aggregated states of proteins that cause cellular dysfunctions. 29 While the atomic structures of the spine of amyloid fibrils have 30 been shown to be made up of β sheets with interdigitating side 31 chains termed steric zippers, 5, 6 scientists remain confounded 32 about the structures of intermediates that are formed as 33 amyloid proteins transition from monomeric states to insoluble 34 aggregates. An additional complication is that aggregation of 35 proteins yields a heterogeneous population of species that are 36 difficult to separate and characterize. To date, researchers have 37 identified multiple aggregated species, often termed poly-38 morphs, that vary in size, secondary structure, and cytotoxicity, 39 but there is as yet no consensus about the molecular structures 40 of the toxic species in amyloid-related diseases. The merged scaled data were imported into the CCP4 format 127 with programs from the CCP4 program suite organized under 128 the "CCP4i" interface. 23 43 with a probe radius of 1.4 Å. The summation of the difference between the accessible surface areas of (a) one β-strand alone and in contact with the opposite β-sheet and (b) the β-sheet alone and in contact with the opposite β-strand, constitutes the reported area buried. In structures with antiparallel β-strand orientation, as well as in parallel β-strand orientations with different conformations, the average area buried per β-strand is reported.
c Lawrence and Colman's shape complementarity index. 138 The segment ANFLVH (residues 13−18) forms β strands 151 that are arranged as parallel, in-register β sheets, with a dry 152 steric zipper interface displaying a face-to-back orientation of 153 the pair of sheets (Figure 1b ). This is a Class 2 steric zipper. (Figure 2a) . The segment forms 184 antiparallel β strands arranged into parallel sheets, forming a 185 Class 7 steric zipper. The glycine and alanine residues in the 186 center of the segment allow space for the larger phenylalanine, 187 leucine, and isoleucine residues forming the dry, highly 188 complementary steric-zipper interface (Figure 2b ). Each strand 189 within each sheet of NFGAILS is sheared out of register by two 190 residues (Figure 2c) , as in the previously determined steric 191 zipper structure from β2m, with KDWSFY (residues 58−63) 192 forming alternate weak and strong hydrogen bonded interfaces f3 193 (Figure 3a,c) .
11 Similar to the KDWSFY structure, the β-194 strands in the NFGAILS structure are not perpendicular to the 195 fibril axis as in in-register steric zippers; 11 instead, each strand 196 forms an angle of 40°from the perpendicular (Figure 3b,d) . 197 Additionally, similar to the previously determined out-of-198 register structures, NFGAILS also displays alternating weak and 199 strong hydrogen-bonding interfaces. In contrast with . View of the hydrogen bond network between strands along a single sheet for NFGAILS (a) and KDWSFY (c) (residues 58− 63 of β2-microglobulin, PDB 4E0K). The structure of NFGAILS reveals alternating weak and strong interfaces that run along the sheet, in which the weak interface contains five interstrand hydrogen bonds and the strong interface contains six main chain hydrogen bonds. KDWSFY contains a weak interface containing two hydrogen bonds and a strong interface containing six hydrogen bonds. View perpendicular to the fibril axis shows the β sheets of NFGAILS (b) forming an acute angle with the fibril axis similar to KDWSFY (d). However, the sheets completely eclipse each other in NFGAILS, whereas they form an acute angle in KDWSFY.
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The crystal structures of FGAILSS and NFGAILS located in 229 the amyloidogenic core of IAPP reveal antiparallel zippers. In 230 our previous work, the atomic structure of AILSST, a segment 231 in which four residues overlap with NFGAILS, was also shown 232 to be an antiparallel zipper. 21 Together the three structures 233 suggest a propensity of the fibril core of IAPP to form 234 antiparallel β sheets, consistent with some models proposed for 235 the packing of amyloidogenic core of IAPP fibrils. Models of toxic amyloid oligomers and fibrils have emerged 245 from structural studies of cylindrin, amyloid β-sheet mimics 246 (BAMs), and a hexameric segment from β2-microglobulin 247 (β2m).
10−12 A notable characteristic shared in all of these 248 structures is that they are composed of out-of-register β strands. 249 This is in contrast with the classic in-register β-sheet packing 250 seen in most amyloid fibrils. 10−12 The structure of NFGAILS 251 presented here suggests that IAPP may also be capable of 252 forming out-of-register fibrils and oligomers.
253
The structure of NFGAILS reveals several conserved features 254 with previously determined out-of-register structures. First, in 255 all out-of-register structures determined so far including 256 NFGAILS, the β sheets form an acute angle with the 257 protofilament axis. Second, the β sheets are composed of two 258 interfaces of interstrand hydrogen bond networks: (i) a strong 259 interface in which the hydrogen bond donors and acceptors 260 within the peptide backbone are satisfied and (ii) a weak 261 interface that leaves unsatisfied donors and acceptors. This is 262 notable in the crystal structure of KDWSFY from β2-263 microglobulin, the only other solved out-of-register fibril 264 structure to date (Figure 3c ). The structure of NFGAILS also 265 reveals a moderately weak interface, differing by one hydrogen 266 bond (Figure 3a) . One difference between NFGAILS and 267 previously determined out of register zippers is the crossing 268 angle of the mating β sheets. The β sheets in NFGAILS are 269 parallel and do not cross with each other (Figure 3b) . In 270 KDWSFY, the sheets form an 80°crossing angle (Figure 3c) . 271 While it remains to be determined how these characteristics 272 affect the biological properties of these proteins, nevertheless it 273 highlights the variety of different conformations amyloid 274 segments adopt. 275 We have further characterized the segments of the fibril core 276 of IAPP, a protein associated with type 2 diabetes, by 277 The Journal of Physical Chemistry B Article
